Background: Associations between intraoperative hypotension (IOH) and postoperative complications have been reported. We examined whether using different methods to model IOH affected the association with postoperative myocardial injury (POMI) and acute kidney injury (AKI). Methods: This two-centre cohort study included 10 432 patients aged !50 yr undergoing non-cardiac surgery. Twelve different methods to statistically model IOH [representing presence, depth, duration, and area under the threshold (AUT)] were applied to examine the association with POMI and AKI using logistic regression analysis. To define IOH, eight predefined thresholds were chosen. Results: The incidences of POMI and AKI were 14.9% and 14.8%, respectively. Different methods to model IOH yielded effect estimates differing in size and statistical significance. Methods with the highest odds were absolute maximum decrease in blood pressure (BP) and mean episode AUT, odds ratio (OR) 1.43 [99% confidence interval (CI): 1.15e1.77] and OR 1.69 (99% CI: 0.99e2.88), respectively, for the absolute mean arterial pressure 50 mm Hg threshold. After standardisation, the highest standardised ORs were obtained for depth-related methods, OR 1.12 (99% CI: 1.05e1.20) for absolute and relative maximum decrease in BP. No single method always yielded the highest effect estimate in every setting. However, methods with the highest effect estimates remained consistent across different BP types, thresholds, outcomes, and centres.
Conclusions:
In studies on IOH, both the threshold to define hypotension and the method chosen to model IOH affects the association of IOH with outcome. This makes different studies on IOH less comparable and hampers clinical application of reported results.
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Editor's key points
Hypotension is variably defined in most perioperative studies. This study found that less stringent definitions were associated with a lower incidence of complications. Both relative and absolute changes in arterial blood pressure thresholds correlated with complications. No single, best arterial blood pressure threshold or definition of hypotension could be identified.
Intraoperative hypotension (IOH) commonly occurs in patients undergoing non-cardiac surgery and has been a topic of growing research interest in recent years.
1e3 Serious postoperative complications have been associated with IOH, including acute kidney injury (AKI), 4e6 myocardial injury, 5e7 stroke, 8 delirium, 9 and mortality. However, IOH has proved difficult to define. In a systematic review, 140 different definitions of IOH in terms of what threshold to use were found in 130 different scientific articles. 13 Depending on the applied definition, the incidence of IOH varied between 5% and 99%. Accordingly, the interpretation of reported associations based on IOH is complex. Next to defining IOH, no standardised methodology currently exists on how to express the severity of hypotension in statistical models. Commonly used methods to reflect clinical important IOH involve presence of hypotension, number of hypotensive episodes, 7, 14 duration, 4, 5, 8 decrease below blood pressure (BP) threshold, 14 or a combination of the latter (expressed as area under the threshold). 7 Comparison of research papers reporting the same association between IOH and an outcome could be complicated if the method to reflect the severity of IOH varies between the publications. We hypothesise that different methods to model IOH will affect the association found between IOH and clinically important postoperative outcomes. In this two-centre cohort study, we examined whether the method used to express the severity of IOH affects the association with postoperative outcomes. To check consistency of our findings, we conducted the comparison between methods to model IOH using different thresholds to define IOH, in two different hospitals, and on two postoperative outcomes: postoperative myocardial injury (POMI) and postoperative AKI.
Methods

Study design and population
This was a retrospective two-centre observational cohort study including patients undergoing non-cardiac surgery at the University Medical Center Utrecht (UMCU), Utrecht, The Netherlands, between January 1, 2010 and December 31, 2012 or at the University Health Network Toronto (UHNT), Toronto, Canada between January 2, 2010 and December 31, 2014. In both hospitals, the local ethics committees approved the study protocol and waived the need for informed consent (UMC Utrecht Medical Research Ethics Committee, protocol number 12e425; University Health Network Research Ethics Board, protocol number 06-0193-AE, respectively).
Eligible patients were aged !50 yr, underwent intermediate or high risk non-cardiac surgery under general or spinal anaesthesia with a postoperative hospital stay of !24 h. Reoperations within 30 days or within the same hospital admission were excluded from the analysis; if patients underwent surgery during another hospital admission at least 30 days after the first surgery, then this procedure was considered a novel case. Patients were excluded if intraoperative BP measurements were not available or if the anaesthesia duration was <20 min. In the UMCU, only patients aged !60 yr were included as outcomes were not routinely measured in younger patients.
Data collection
All preoperative and postoperative data were collected previously from electronic medical and administrative records for another study from which the results have been reported elsewhere. 7 Intraoperative BP measurements were extracted from the anaesthesia information management system after designing the current study. Invasive BP measurements were recorded per minute, whereas non-invasive BP measurements were stored every 3e5 min. When both invasive and noninvasive BP measurements were available, the combination of both measurements was used to analyse IOH.
Thresholds for IOH
As there is not a single threshold to define hypotension, we chose eight different thresholds; four absolute thresholds [i.e. mean arterial pressure (MAP) <50 mm Hg, MAP <60 mm Hg, systolic blood pressure (SBP) <70 mm Hg, SBP <90 mm Hg] and four relative thresholds (i.e. 20% and 40% below baseline BP for both MAP and SBP). Relative thresholds were calculated with respect to baseline BP, which was obtained for each patient by averaging all valid available BP measurements in the operating room before induction of anaesthesia. An algorithm to calculate time of induction has been previously described for the UMCU cohort. 13 In the UHNT cohort, time of induction was defined as the first end-tidal carbon dioxide reading. Patients were excluded from the analyses regarding relative thresholds if no baseline BP could be calculated as a result of unavailability of pre-induction BP measurements.
Methods to model intraoperative hypotension
We selected 12 different methods to model IOH. Selection was based on a systematic literature search on methods that were often used to model IOH (Fig. 1 
POMI
The primary outcome was POMI, defined as an elevation in cardiac troponin I above the 99th percentile with a 10% variation. 2 Troponin I was routinely measured according to a local protocol in both hospitals. For the current analysis, the highest value of all routine troponin I measurements was used for each patient. In the UMCU, troponin was measured routinely for the first 3 postoperative days and follow-up measurements were ordered according to the discretion of the attending cardiologist. 15 Troponin was analysed using a third-generation 
Postoperative AKI
AKI was included as a secondary outcome. AKI Network criteria were used in the diagnosis of AKI (absolute increase of 0.3 mg dl À1 or relative increase of 50% of creatinine over the preoperative value during the first 48 h after surgery). 16 As creatinine was not measured routinely in the UMCU, this part of the analysis was conducted in data from UHNT only. Preoperative creatinine measurements were performed routinely during the outpatient preoperative assessment.
Potential confounders
In our analyses, we aimed to reflect that analyses on IOH are typically conducted in a multivariable setting, with adjustment for potential confounders. and statins), ASA physical status, type of anaesthesia (i.e. general or spinal anaesthesia), surgical specialty (ear, nose, throat, and dental; general; gynaecological; neurological; orthopaedic; thoracic; urological; and vascular), and centre (UMCU or UHNT). We defined heart failure as a left ventricular ejection fraction <40% and ischaemic heart disease as a previous myocardial infarction, coronary revascularisation, or both. Emergency surgery was defined as surgery required within 72 h after the indication was set. Selection of these confounders was made a priori based on knowledge obtained from literature.
Statistical analysis
Baseline characteristics were compared between patients with or without POMI, patients who did or did not develop AKI and between patients being treated in either UMCU or UHNT, using the c
test for categorical variables and Student's t-test or
ManneWhitney U-test for continuous variables as appropriate. For every patient, IOH was expressed using each of the 12 methods described before. Univariable logistic regression analysis was performed to calculate the crude association between each of the methods and postoperative outcomes. Thereafter, multivariable logistic regression analysis was done with adjustment of the aforementioned potential confounders. Effect estimates were expressed in odds ratios (OR) with their accompanying confidence intervals (CI). To take multiple testing into account, we tested against a P-value of 0.01 and used a CI of 99%. Bonferroni adjustment was deemed inappropriate and too conservative as the different methods to express IOH, and hence the tests, are highly dependent on each other. In addition, as the methods to model IOH are expressed in different units (e.g. time in minutes, depth in BP in mm Hg), we repeated the analyses using standardised effect estimates to compare the association of each of the methods having a similar magnitude with postoperative outcomes. Furthermore, changes in Akaike's Information Criterion (AIC) and deviance were calculated to examine the incremental explained variance of the additive model compared with the baseline model. Change in AIC is defined as the difference between the baseline model (i.e. model consisting of all aforementioned confounders) and additive model (i.e. baseline model þ one method to model IOH). To assess the robustness of our findings, we repeated the complete analytical approach described above for each of the eight predefined different thresholds to define IOH. In addition, as we expected differences in anaesthetic management between centres, which may have influenced the association between IOH and postoperative outcomes, all analyses were repeated for each centre separately. Finally, we also repeated the analyses with AKI as the outcome of interest, using data from UHNT only. Altogether, comparisons between each of the methods were made over different thresholds to define IOH, across different centres, BP types (i.e. using either MAP or SBP), and outcomes.
Missing values were mainly apparent in our data for postoperative troponin, preoperative creatinine, b-blocker prescription and hypertension. As missing data typically lead to bias effect estimates, we conducted multiple imputation using the mice library. 18e20 Imputation was performed per centre as the surgical population between both centres was not entirely comparable. All of the aforementioned analyses were conducted in all 50 imputation sets. Subsequently, results were pooled using Rubin's rule. For change in AIC, the median change with the accompanying inter-quartile range over the imputation sets was reported. We did not conduct an a priori sample size analysis. All analyses were conducted using R software version 3. 
Results
There were 7941 patients included in the UMCU and 2491 patients in the UHNT (total 10 432 patients). Troponin was elevated in 1560 (14.9%) patients. Baseline BP was not available for 650 patients meaning that no analyses regarding relative BP thresholds could be performed, resulting in 9782 included patients for these analyses ( Supplementary Fig. S1 ). The incidence of POMI in this population was 14.5% (n¼1416). Patient characteristics are described in Table 1 .
Incidence of intraoperative hypotension
Presence of at least one hypotensive episode occurred in 1709 (16%) of the patients using absolute MAP below 50 mm Hg as a threshold and this incidence increased applying less stringent thresholds (51%, 57%, and 93% for absolute MAP 60 mm Hg, relative MAP 40% and 20% from baseline, respectively). Conversely, the incidence of POMI in hypotensive patients decreased using less stringent thresholds for IOH except for absolute MAP 50 mm Hg (16%, 19%, 15%, and 14%, respectively; Supplementary Table S1 ). Similar patterns were observed for thresholds based on SBP.
Method to model IOH exposure and POMI
Depending on the thresholds to define IOH, varying effect sizes were found using the different methods to express the severity of IOH (Table 2) . Methods with the highest ORs were absolute maximum decrease in BP, mean episode AUT, and maximum episode AUT OR 1.43 (99% CI: 1.15e1.77), OR 1.69 (99% CI: 0.99e2.88), and OR 1.21 (99% CI: 0.97e1.52), respectively for IOH defined as absolute MAP 50 mm Hg. Less stringent thresholds resulted commonly in ORs closer to the value of 1 and the Pvalues were no longer significant (Table 2) . To allow comparison between methods with similar magnitudes, standardised ORs were calculated. Highest standardised ORs were observed for absolute and relative maximum decrease in BP and mean BP under the threshold, which were 1.12 (99% CI: 1.05e1.20) for the methods related to decrease in BP and 1.13 (99% CI: 1.05e1.21) for mean BP below the threshold. Differences in standardised ORs were observed between each of the methods to model IOH in association with POMI (Table 3) . Compared with the unstandardised ORs, the standardised ORs were closer to each other with similar Cis; levels of significance were similar between both (Tables 2 and 3 ).
Change in model performance measures
For the absolute thresholds, depth-related methods resulted overall in the highest deviance and thus, largest increment in explained variance (absolute and relative maximum decrease in BP using deviance; 32.92, P<0.001 using the absolute MAP 50 mm Hg thresholds; Table 3 ). Using relative thresholds, number of episodes showed consistently the largest increase in explained variance (deviance: 52.71, P<0.001 using the relative MAP 40% from baseline as a threshold; Supplementary  Table S5) . Similar results were found using change in AIC as a measure for model performance (Tables 3 and 4,  Supplementary Tables S5e8, S13e16) .
AKI
AKI was diagnosed in 370 (14.8%) patients of the total 2491 patients included in the UHNT cohort. Similar results in patterns of methods with increasing ORs, and in the standardised estimates analyses, were observed using AKI as an outcome compared with POMI (Table 4) . Methods with the largest standardised ORs were: presence of IOH, mean episode duration, absolute decrease in BP and mean episode AUT (standardised OR 1.17, 99%CI: 1.00e1.36 using absolute MAP 50 mm Hg). Consistent results between the method to model IOH and either AKI or POMI as an outcome were found (Supplementary Tables S11e15).
Patterns in effect estimates across centre and BP type
No single method to express severity of IOH was found to be consistently more significantly associated or had a higher effect estimate compared with other methods. However, consistent patterns were found for the association between each of the method to model IOH and POMI for both individual centres (Fig. 2) . This consistency was observed in both the standardised and the unstandardised associations and the model performance measures. Furthermore, using SBP as the BP type to define IOH, similar patterns in effect sizes for different methods to express IOH were also observed (Supplementary Tables S5 and S6 ).
Discussion
In this observational study, as expected, higher incidences of IOH were observed with less stringent thresholds to define IOH, whereas the incidence of POMI and AKI in hypotensive patients decreased with less stringent thresholds. Most importantly, using different methods varying effects estimates were observed (standardised OR 0.98e1.12; using absolute MAP 50 mm Hg as a threshold) with highly different levels of significance (P<0.001e0.93). This indicates that the method to model IOH strongly influences the magnitude of the association that is found. Model performance measures, such as change in AIC and deviance, showed consistently largest increased explained variance for depth-related measures using absolute thresholds, and for number of episodes using relative thresholds. Furthermore, consistency in our results was found for two BP types (MAP and SBP), for two postoperative outcomes (i.e. POMI and AKI) and between both centres. However, there was no single method that yielded the strongest effect estimate in all settings. Therefore, we cannot make definite recommendations on what method best to use in studying IOH and its effects on adverse outcomes. Currently, no clear cut-off points in the definitions of hypotension are described in literature. Bijker and colleagues 13 found 140 different definitions of thresholds defining hypotension in 130 articles, which resulted in increasing incidences of IOH with less stringent thresholds. Our results support these findings as we found similar patterns of incidence of hypotension over the different thresholds applied.
Besides This study has several strengths. To our knowledge, this is the first study in which different methods to model IOH in relation to postoperative outcomes are compared with each other. Second, we included patients from two different centres where troponin is routinely measured resulting in increased generalisability compared with inclusion of patients treated in a single centre. Furthermore, we tested the association using two different outcomes (i.e. POMI and AKI). Finally, patterns in results were consistent over different thresholds, different BP types (i.e. MAP and SBP), different centres and different outcomes which support generalisability.
However, several aspects should be considered. Firstly, in our analyses we only focused on IOH adjusted for preoperative factors. However, several intraoperative factors were also found to be associated with adverse postoperative outcomes, such as estimated blood loss, 4, 5, 9 number of blood transfusions, 21, 22 and surgical duration. 4, 9, 11, 12, 21, 22 We did not include these intraoperative factors in our analyses as they are closely correlated with hypotension exposure. In addition, as we focus on the comparison of methods we do not expect this to result in different conclusions of our study. Secondly, pre-induction BP measured within the operating room was used as baseline BP in the analyses with relative thresholds. However, on average pre-induction BP is higher compared with BP measured in the preoperative clinic. 23, 24 This suggests that the results using relative thresholds could on average be estimated too high, leading to a potential underestimation of the found associations. Thirdly, only patients from the UHNT were included for the analyses between methods to Exposure to surgery and IOH could increase the probability of events in these patients. As we have adjusted for preoperative patient characteristics and because of the presumably low number of patients, we believe this would not have affected the interpretation of our results and conclusion. Lastly, multiple testing of the BP measurements occurred in defining hypotension and comparing the different methods. As the analyses and BP measurements were highly dependent on each other, we decided to test against an a value of 0.01 as adjustment using the Bonferroni correction is too conservative. However, as our primary aim was to compare different methods to model IOH, we expect no differences in the interpretation of our results.
In summary, our study shows differences in effect estimates with respect to the method used in modelling IOH in association with postoperative outcomes. However, consistent patterns of these effect estimates were observed across different thresholds, centres, BP types and outcomes. Researchers should be aware that differences in defining and modelling IOH are present and that reporting of how to define IOH and what method is used to express the severity of IOH is mandatory when studying an association between IOH and postoperative outcome. As IOH has been reported to be associated with serious adverse clinical outcomes, there is a need for consensus on which method to use in modelling IOH and the threshold to define hypotension to improve comparability between different studies reporting similar associations. 
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